Conventional radiography only provides a measure of the X-ray attenuation caused by an object; thus, it is insensitive to other inherent informative effects, such as refraction. Furthermore, conventional radiographs are degraded by X-ray scatter that can obscure important details of the object being imaged. The novel X-ray technology diffraction-enhanced imaging (DEI) has recently allowed the visualization of nearly scatter-free images displaying both attenuation and refraction properties. A new method termed multiple-image radiography (MIR) is a significant improvement over DEI, corrects errors in DEI, is more robust to noise and produces an additional image that is entirely new to medical imaging. This new image, which portrays ultra-small-angle X-ray scattering (USAXS) conveys the presence of microstructure in the object, thus differentiating homogeneous tissues from tissues that are irregular on a scale of micrometres. The aim of this study was to examine the use of MIR for evaluation of soft tissue, and in particular to conduct a preliminary investigation of the USAXS image, which has not previously been used in tissue imaging.
Introduction
Conventional radiography only provides a measure of the X-ray attenuation caused by an object; thus, it is insensitive to other inherent informative effects, such as refraction. Furthermore, conventional radiographs are degraded by X-ray scatter that can obscure important details of the object being imaged. The novel X-ray technology termed diffraction-enhanced imaging (DEI) has recently allowed the visualization of nearly scatterfree images displaying both attenuation and refraction properties (Chapman et al. 1998; Mollenhauer et al. 2002; Aurich et al. 2003; Li et al. 2003; Muehleman et al. 2003 Muehleman et al. , 2004 Wagner et al. 2003) . A new method termed multiple-image radiography (MIR; Wernick et al. 2003) is a significant improvement over DEI, corrects errors in DEI, is more robust to noise and produces an additional image that is entirely new to medical imaging. This new image, which portrays ultra-small-angle X-ray scattering (USAXS), conveys the presence of microstructure in the object, thus differentiating homogeneous tissues from tissues that are irregular on a scale of micrometres.
The goal of this study was to use MIR for evaluation of soft tissue, and in particular to conduct a preliminary investigation of the USAXS image, which has not previously been used in tissue imaging.
Because the contrast mechanism of MIR's refraction and USAXS images does not rely on absorption of X-rays by the subject, it is ideally suited for soft-tissue imaging. In fact, MIR can be performed successfully at high X-ray energies where absorption contrast and radiation exposure to the patient are low, thus minimizing risk to the patient. Table 1 We have previously reported preliminary findings of the utility for a single human cadaveric foot, among other biological specimens (Wernick et al. 2003; Brankov et al. 2004) . Here, we demonstrate the application of MIR technology to the simultaneous imaging of soft tissue and skeletal elements of a sample of human thumbs, feet and ankles.
We expect that the MIR technique will have important research and clinical applications. Using synchrotron sources of X-rays, MIR can conveniently be used in animal imaging studies (e.g. longitudinal studies to evaluate therapeutic pharmaceuticals for osteoarthritis). Using conventional X-ray tubes, we expect MIR eventually to have significant value for clinical imaging (e.g. evaluation of osteoarthritis and soft-tissue lesions). MIR imaging with X-ray tubes is still in the development stages; however, our preliminary computer simulations show that good MIR images can be obtained in seconds using a high-power commercial X-ray tube. The prospect of using MIR in both research and clinical applications has motivated the studies presented here, in which we explore the capabilities of the MIR method for visualizing soft tissues. If developed for the clinical setting, MIR may be utilized on a subset of patients who cannot be subjected to magnetic resonance imaging, such as those with metal implants other than titanium alloy and those with pacemakers. The goal of this paper is not to introduce the MIR technique, nor to establish any new fundamental knowledge about anatomy, but rather to determine the capabilities of MIR for tissue imaging, which is an essential step in the development of MIR as a clinical and research imaging tool.
Materials and methods

Review of the MIR method
The physics and image processing behind the MIR method have been thoroughly described by Wernick et al. (2003) , but we review the essential ideas here to aid the reader.
The MIR method is based on analysis of the angular intensity spectrum of the transmitted X-ray beam, which is the beam's X-ray power as a function of the angular direction of propagation. Thus, a perfectly collimated beam (in which all rays are travelling parallel to one another) will have an angular intensity spectrum that is a Dirac delta function. A beam that is not perfectly collimated will typically have an angular intensity spectrum that is approximately a Gaussian function of angle.
The angular intensity spectrum is measured in MIR in the following way. As shown in Fig. 1 , a pair of perfect Si [3, 3, 3] crystals are used to monochromate and collimate an X-ray beam, which in the current implementation is a synchrotron but may be any suitable form of intense X-ray source. Once this beam passes through the subject, a third crystal (analyser crystal) of the same reflection index [3, 3, 3] diffracts the X-rays onto an image plate detector (Fuji HRV image plate, readout via a Fuji BAS2500 image-plate reader) or digital detector (50-µ m resolution).
The net effect of these three crystals is to allow precise analysis of the angular composition of the beam, because of the extreme angular selectivity of Bragg diffraction in perfect crystals. MIR data are obtained by collecting images at various angular positions of the analyser. In this way, a curve is measured at each pixel, which represents a smoothed measure of the angular intensity spectrum of the transmitted beam (i.e. the amount of energy travelling in various directions after passing through the object). These larger deflections are termed small-angle X-ray scattering (SAXS), which is a different phenomenon that is better described by diffraction theory.
Specimens
Four intact human cadaveric feet were procured from a surgical workshop through the courtesy of Ortheon Medical (Winter Park, FL, USA) and preserved in 10% formalin prior to imaging. In addition, four intact human cadaveric thumbs were procured from the gross anatomy laboratory. We have previously shown that the fixation procedure used has no effect on imaging (Mollenhauer et al. 2002) .
Image acquisition
For the purposes of comparison, we used the synchrotron to acquire 'conventional' radiographs in addition to MIR images. In both cases, the same X-ray dose was used. These 'conventional' X-ray images, obtained by removing the analyser from the path of the beam, are similar to a clinical radiograph; however, they are better than clinical images because of the high quality of the synchrotron beam after it passes through the monochromator/collimator. In other words, these 'conventional' radiographs represent an upper performance bound for ordinary X-ray imaging.
The foot specimens were imaged in the lateral projection by 'conventional' radiography. The skin dose delivered was measured with an ion chamber and maintained by adjusting the speed of each scan. Thumb specimens were imaged as for foot specimens. Data were acquired using 40-keV X-rays at 11 analyser positions.
The photon flux rate incident on the object was approximately 5.3 × 10 6 ph s − 1 mm − 2 . A skin dose of 0.12 mGy was delivered at each of the 11 analyser positions.
Results
Subjective visual assessments of the image details were carried out by two of the investigators (C.M., J.L.). Fig. 2 . Here, a comparison can be made between those structures with edge enhancement from X-ray refraction and those structures having tissues with scatter properties. For instance, in (a), the collagen fibre tissue of the calcaneal and fibularis tendons is readily visible owing to refraction at both fibre bundle edges and the whole tendon edges; these refractile properties differ somewhat from those of surrounding tissue, thus allowing visualization of these structures. Conversely, in (b), the organized parallel structure of the calcaneal and fibularis tendons lack significant scatter properties, and thus X-ray contrast. However, the surrounding fatty and less organized connective tissues display strong USAXS properties. Thus, the distinction between the two tissue types is evident. An enlargement of the dorsum of the ankle displaying the tendons of the tibialis anterior and extensor hallucis longus muscles is shown in Fig. 6(a) . Figure 6( b) shows the attachment of the calcaneal tendon to the calcaneus bone. Close inspection allows the visualization of the parallel arrangement of the collagen fibre bundles comprising the tendon due to refraction at the 'conventional' X-ray image (Fig. 7a ) and two MIR images (Fig. 7b,c) of a human thumb. The 'conventional' X-ray image shows what would be expected from a clinical radiograph, i.e. only the calcified skeletal elements.
However, the tendon, muscle and connective tissue elements of the thumb are readily distinguishable in Fig. 7(b) . The composite colour image in Fig. 7 (c) allows easy distinction between tissue properties, whereby those tissues that attenuate X-rays the most will appear red, those with high refraction gradients will appear green and those with the greatest USAXS contribution appear blue. Thus, although all tissues are imaged simultaneously, bony tissues can be discerned from soft tissues by colour assignment for these respective properties. Soft tissue, having the greatest disorganization, will exhibit the most USAXS. Here we demonstrate that MIR is useful for discrimination among various tissue types: although they are imaged simultaneously, their tissue properties are distinguishable. Thus, hard tissues can be discriminated from muscle, tendon and less-organized soft tissues.
Even the collagenous architecture which organizes the fat pad of the heel of the foot and fingertip is visible through MIR. Each of these structures is identifiable by its anatomical location and structure. The utility of the refraction images is that, because of the refraction of X-rays at the tissue edges, the borders between structures are well delineated. We have previously shown that this is of particular value in the identification of surface irregularities, such as those of early cartilage degeneration as a result of osteoarthritis .
Those structures of less order, and thus of higher USAXS, are most distinguishable on the USAXS image.
Thus, any disruption in the normal morphology of a particularly highly refractive rather than scattering tissue, such as a tendon, will lead to X-ray scatter at that point. This scatter signature of a tendon lesion should then be identifiable in its USAXS image. This is the case in tears or ruptures of the calcaneal tendon (our unpublished data). However, the goal of the present study was not to identify pathologies but rather to describe the appearance of normal tissues. The USAXS To study the effect of motion, we are currently carrying out a study on the MIR of the degenerative changes in the articular cartilage of rabbit knee joints in vivo . This animal model requires resolution approximating to 10 µ m , and thus the effect of any subtle movements will be apparent. The imaging times for MIR will be on the order of magnitude of ten times less than those for magnetic resonance imaging (MRI), a technique in which movements during imaging are not significant enough to invalidate results, and therefore we do not expect to see significant motion artefacts.
Although MIR requires several radiographic exposures, each can be proportionately shorter in duration, and thus MIR requires no more radiation dose than an individual X-ray exposure. Indeed, because MIR does not depend on absorption contrast (as with conventional radiography), it can be performed at high X-ray energy.
Therefore, MIR can be performed with dose to the patient hundreds of times lower than with a conventional radiograph and our simulations show that it can be carried out in seconds. 
